Magnesio aluminate spinel (MA) and alumina (A) are important raw materials for advanced refractories and ceramics. The former is extensively used to prepare monolithic refractories because of its superior corrosion resistance and thermal shock resistance, and the latter is widely applied in the areas where the resistances against wear, oxidation, chemical corrosion and/or heat are required[@b1][@b2][@b3][@b4][@b5][@b6]. Nevertheless, they also suffer from some drawbacks, in particular, the high volume expansion (5%--7%) associated with the formation of MA[@b7][@b8], and a relatively poor thermal shock resistance and low toughness of alumina. A double-stage firing process, i.e., pre-formation at \~1400°C and subsequent densification at \~1700°C, is often employed to prepare dense MA[@b9], or additives such as TiO~2~, ZnO, Y~2~O~3~, CaF~2~ and Cr~2~O~3~ are used to promote its formation and densification[@b10][@b11][@b12][@b13]. In the case of alumina, several methodologies also have been proposed to improve its mechanical properties, including rare-earth element doping[@b14][@b15], metal particle dispersion[@b16], heterogeneous microstructure design[@b17][@b18][@b19], use of carbon fillers[@b20][@b21][@b22][@b23][@b24][@b25], and platelet- and/or needle-like grain reinforcement[@b26][@b27][@b28].

Calcium hexaluminate (CaAl~12~O~19~, CA~6~), the most alumina-rich compound in the CaO-Al~2~O~3~ system, usually develops a plate-like morphology and is thermodynamically stable up to its peritectic point around 1875°C. These, along with its excellent alkaline resistance, high stability in a reducing atmosphere and low thermal conductivity, make it a promising material for refractory and engine insulation applications. In addition, it can be used to reinforce Al~2~O~3~ ceramics because of its platelet morphology, good chemical and thermal compatibilities with Al~2~O~3~ (both have similar thermal expansion coefficients, α~CA6~ = 8.0·10^−6^ °C^−1^ and α~A~ = 8.6·10^−6^ °C^−1^)[@b29][@b30][@b31]. Considering that MA also has a very close thermal expansion coefficient (α~MA~ = 8.9·10^−6^ °C^−1^), we propose to incorporate plate-like CA~6~ into the MA-A matrix via liquid infiltration and subsequent firing to develop a novel functionally graded composite with improved microstructures and mechanical properties.

The infiltration of porous preforms with suitable liquid or gaseous species is a feasible way to introduce other phases into them[@b32], and to design new materials with distinct microstructures and properties[@b31]. In recent years, with the development of the infiltration technique, alternating laminations of homogeneous and heterogeneous layers in a material has been achieved, conferring a combined wear and fracture resistance on the composites. The technique has been successfully adopted to fabricate several new graded composites, including mullite/alumina, mullite/zirconia-toughened alumina, aluminium titanate/alumina, calcium hexaluminate/alumina[@b32][@b33][@b34][@b35][@b36].

The main objective of this work is to design functionally graded composites of CA~6~/(MA-A) with novel microstructures and excellent combined properties of MA spinel, alumina and calcium hexaluminate. A homogeneous layer of MA-A in the composites is designed for wear, corrosion, slag and thermal shock resistance and another heterogeneous layer of CA~6~/(MA-A) for fracture resistance. In this paper, functionally graded composites of CA~6~/(MA-A) are prepared through two steps. The first step is the preparation of preform. Then the second step is the fabrication of the CA~6~/(MA-A). The main results of the work have been reported. This research may provide a new and simple approach to prepare functionally graded composites with graded microstructures and tailorable or tunable properties.

Results
=======

Microstructural characteristic of the perform
---------------------------------------------

A porous preform is partially immersed (1/4 of its length) in a saturated calcium acetate solution (see [Fig. 1](#f1){ref-type="fig"} for more details). The SEM images of preform are shown in [Fig. 2](#f2){ref-type="fig"}. The preform was prepared from MgO and α--Al~2~O~3~, and heated at 1100°C to increase its strength while still maintaining a sufficient level of porosity in it for the infiltration. The open porosity of preform was about 44.55%, and its bulk density was only about 2.02 g·cm^−3^, based on the Archimedes\' principle. As shown in [Fig. 2](#f2){ref-type="fig"}, the samples were not sintered yet. There were a large number of connected tiny pores (\~0.1 μm) in the preform, forming a lot of capillary.

Phase compositions of CA~6~/(MA-A) composites
---------------------------------------------

XRD patterns of four different sections in the fired sample (S1, S2, S3, S4) are shown in [Fig. 3](#f3){ref-type="fig"}. α-Al~2~O~3~, MgAl~2~O~4~ and CaAl~12~O~19~ (CA~6~) were identified in S1, S2 and S3, but there was only a small amount of CA~6~ in S3. Furthermore, almost no CA~6~ was detected in S4. These results indicated that Ca(CH~3~COO)~2~·H~2~O infiltrated into the original porous preform had reacted with Al~2~O~3~ at high temperatures, forming CA~6~. Moreover, along the direction from S1 toS4, the peak intensity of CA~6~ weakened gradually to 0, while the intensities of alumina and MA almost did not change, which further indicated that CA~6~ had been successfully formed in the MA-A matrix, with a graded distribution along the infiltration direction.

Microstructure of CA~6~/(MA-A) composites
-----------------------------------------

Shown in [Fig. 4](#f4){ref-type="fig"} is a profile of EDS linear scan across the fired composite. The infiltration boundary is clearly seen ([Fig. 4a](#f4){ref-type="fig"}). When the porous preform was partially immersed (1/4 of its length) in a saturated calcium acetate solution, the pressure of cohesion and adhesion which cause the liquid to work against gravity. Due to the capillary action, the infiltration boundary actually had moved beyond the middle line of the sample, as illustrated schematically in [Fig. 1](#f1){ref-type="fig"}. Along the infiltration direction, the intensities of aluminum, magnesium and oxygen almost did not change, whereas the intensity of calcium initially decreased gradually and then sharply upon crossing the infiltration boundary. These results further verified the graded distribution of calcium in the MA-A matrix.

SEM micrographs shown in [Fig. 5](#f5){ref-type="fig"} reveal the great effects of Ca(CH~3~COO)~2~·H~2~O on the graded microstructure in the fired sample. Lots of 0.5--4 μm thick plate-like CA~6~ were seen among the alumina and MA grains in S1 and S2 ([Fig. 5a & b](#f5){ref-type="fig"}). The average size of pores between the plate-like CA~6~ was \~0.5 μm. However, only a few layered structures were observed in S3 ([Fig. 5c](#f5){ref-type="fig"}), and none was seen in S4 ([Fig. 5d](#f5){ref-type="fig"}). On the other hand, in S3 and S4, 3--7 μm spherical alumina grains with smooth surfaces were present, and their amount in S3 ([Fig. 5c](#f5){ref-type="fig"}) was less than in S4 ([Fig. 5d](#f5){ref-type="fig"}). Almost no such spherical alumina grains were found in S1 and S2 ([Fig. 5a & b](#f5){ref-type="fig"}), although XRD results ([Fig. 5](#f5){ref-type="fig"}) did indicate the presence of significant amounts of alumina in them. This could be due to two reasons. One was that some spherical alumina had been consumed with the formation of CA~6~, and the other was that alumina grains did not have a spherical morphology in S3 and S4. The formation of CA~6~ might have hindered the grain growth of alumina. Tiny MA grains with 0.1--2 μm in size and with irregular shapes were present on the surface and in the original voids among alumina grains. Hence, from the bottom (S1) to the top (S4) in the CA~6~/(MA-A) composites, the formation of layered structure was substantially reduced, concurrent with the gradual increase in the spherical alumina grains.

[Figure 6](#f6){ref-type="fig"} gives a typical TEM image, along with the corresponding EDS, revealing the coexistence of A, MA and CA~6~ in the fired composite sample. [Fig. 7](#f7){ref-type="fig"} further presents HRTEM images of the three phases. The platelet grains, the translucent particles, and the dark contrast grains were identified to be CA~6~, alumina, and MA ([Fig. 6a](#f6){ref-type="fig"}), respectively, based on [Figs. 6(b--d)](#f6){ref-type="fig"} and [Fig. 7](#f7){ref-type="fig"}. The HRTEM images and SAED patterns reveal the crystal lattice structures of the three phases. EDS ([Fig. 6c](#f6){ref-type="fig"}) verified that MA contained Mg and Al in the molar ratio of 0.41, which is smaller than the stoichiometric ratio (0.50). Moreover, the lattice fringe spacing corresponding to the (200) plane of MA was identified as 0.282 nm ([Fig. 7b](#f7){ref-type="fig"}), which is also slightly different from the value (0.286 nm) in the stoichiometric MA. These are understandable, as the structure and the energetics of the spinels permit them to tolerate a wide range of cation compositions[@b37][@b38][@b39]. At high temperature MA can form a wide range of solid solutions with excessive magnesia or alumina, i.e., MgO·*n*Al~2~O~3~ \[*n* = 0.8(MgO rich)-3.5(Al~2~O~3~ rich)\][@b40]. The non-equivalent replacement of Mg^2+^ ions (larger ionic radius) with Al^3+^ ions (smaller ionic radius) results in the reduction in the unit cell parameter and interplanar spacing[@b37]. Hence, the results presented above were in the agreement with the theoretical analysis and the dark contrast phases were confirmed as an alumina-rich nonstoichiometric spinel, which could contribute to the improvement in slag resistance[@b41].

Bulk density and mechanical properties of CA6/(MA-A) composites
---------------------------------------------------------------

Bulk density ([Fig. 8a](#f8){ref-type="fig"}) increased gradually in the order from S1 to S4, i.e., along the infiltration direction. It was only 3.60 g·cm^−3^ in S1, but increased evidently to 3.78 g·cm^−3^ in S4. The theoretical densities of CA~6~, MA and alumina are 3.79 g·cm^−3^, 3.58 g·cm^−3^ and 3.97 g·cm^−3^, respectively. As shown in [Figs. 3](#f3){ref-type="fig"} & [5](#f5){ref-type="fig"}, and discussed above, the CA~6~ content decreased whereas alumina content increased along the infiltration direction (from S1 to S4). The formation of lower density CA~6~ at the expense of higher density α-Al~2~O~3~ explains the overall density increase along the infiltration direction. In addition, as shown in [Fig. 5](#f5){ref-type="fig"}, high levels of porosity were present between the laminar CA~6~ in S1 and S2, which could additionally reduce the bulk density in these two sections.

Vickers hardness and fracture toughness as a function of the distance away from the infiltration end are illustrated in [Fig. 8b](#f8){ref-type="fig"}. Indentations were made at the positions that were respectively 1.9, 6.2, 10.3, 13.9, 15.7, 17.8, 19.8, 22.0, 24.1, 26.3 and 30.1 mm away from the infiltration end. The hardness almost did not change with the distance up to about 14 mm, but started to increase evidently beyond this distance. It eventually leveled-out after increasing the distance \>26 mm. At the 1.9 mm distance, the hardness was only 8.78 GPa, but increased markedly to 14.33 GPa at the 24.1 mm distance and leveled-out therafter. On the other hand, an opposite trend was seen in the case of fracture toughness. The fracture toughness was 4.89 MPa·m^1/2^ at the 1.9 mm distance, decreased to 2.96 MPa·m^1/2^ at the 24.1 mm distance and leveled-out thereafter. These results corresponded well to the graded distribution of the less hard plate-like CA~6~ along the infiltration direction shown in [Fig. 3](#f3){ref-type="fig"}, [Fig. 4](#f4){ref-type="fig"} and [Fig. 5](#f5){ref-type="fig"} and discussed above. Owing to the higher Vickers hardness and density, the MA-A region could play a role in supporting the structure of the composites, whereas the CA~6~/(MA-A) region had a better toughness, which could prevent the crack propagation and improve the spalling resistance. In order to assist understanding the toughening mechanism, cracking arising from indentation was further examined by using SEM and TEM.

The path of a crack arising from the indentation on the fired composite is illustrated in [Fig. 9a](#f9){ref-type="fig"}. The crack initiated from the tip area of the indentation and extended forward. A higher magnification SEM micrograph ([Fig. 9b](#f9){ref-type="fig"}) of the area marked in [Fig. 9a](#f9){ref-type="fig"} further reveals crack bridging (labeled as '1'), crack deflection (labeled as '2') and crack cutting through a CA~6~ grain (labeled as '3'). In addition, as revealed by [Figure 10](#f10){ref-type="fig"}, a crack propagated in the composite in both intercrystalline and transcrystalline fracture modes. The crack initiated transgranularly from a place shown at the right side of [Fig. 10](#f10){ref-type="fig"}, then extended along an elongated grain in an intergranular mode, and finally cut through another elongated grain of CA~6~ (identified by EDS (not shown)). In summary, the presence of elongated CA~6~ grains toughened the composite via crack-deflection and crack-bridging mechanisms[@b14]. This was in accordance with the results described and discussed above ([Fig. 8b](#f8){ref-type="fig"}).

Discussion
==========

Calcium hexaluminate/magnesio aluminium spinel-alumina \[CA~6~/(MA-A)\] functionally graded composites with novel microstructures and properties were successfully prepared via infiltration of a porous preform fabricated from α-Al~2~O~3~ and MgO powders with a saturated calcium acetate solution and subsequent sintering at high temperatures. The CA~6~ content in the fired CA~6~/(MA-A) composites decreased gradually along the infiltration direction, significantly affecting their microstructure, physical and mechanical properties. Along the direction from the bottom (S1) to the top (S4) of the composite, the formation of layered structure of CA~6~ was substantially reduced, whereas spherical alumina grains increased gradually. Microstructural analysis revealed that MA in the fired composite was an alumina-rich nonstoichiometric spinel with a lower atomic ratio of Mg/Al and a smaller lattice fringe spacing. The presence of CA~6~ had hindered slightly the densification of the MA-A matrix. When the distance from the infiltration end was small (i.e., in the CA~6~/(MA-A) section), the hardness changed very little with the distance. However, when the distance was large (i.e., in the MA-A section), it increased evidently with the distance and eventually leveled-out. The MA-A region could play a role in supporting the structure of the composites, because of the higher Vickers hardness and density. The lower Vickers hardness in the CA~6~/(MA-A) region was due to the presence of less hard CA~6~. However, the fracture toughness in this region was higher than in the MA-A region, which could be attributed to the crack-deflection and crack-bridging effects arising from the plate-like CA~6~. This region had a better toughness, which could prevent the crack propagation and improve the spalling resistance. This research not only prepared \[CA~6~/(MA-A)\] functionally graded composites with novel microstructures and properties that could be used in the areas where the resistances against wear, oxidation, thermal shock, fracture, chemical corrosion and/or heat are required, but also provided a new and simple method that can be applied in fabricating other functional materials with multifunctionalities.

Methods
=======

The main raw materials used included MgO (purity \> 98%, \~0.1 μm, Guangfu Technology Development Co., Ltd., Tianjin, China), α--Al~2~O~3~ (purity \> 99.9%, \~0.4 μm, Xin Meiyu Alumina Co., Ltd., Zibo, Shandong, China) and Ca(CH~3~COO)~2~·H~2~O (purity \> 98%, Guangfu Fine Chemical Research Institute, Tianjin, China). α-Al~2~O~3~ and MgO in the molar ratio of 4:1 were mixed in a ball mill for 3 h. The powder mixture was placed in a steel die and uniaxially pressed at 50 MPa, forming a bar sample of 5 × 6 × 45 mm. The bar sample was pre-fired at 1100°C for 2 h to increase its strength while still maintaining a sufficient level of porosity in it for the later infiltration. Such a porous preform was partially immersed (1/4 of its length) in a saturated calcium acetate solution at room temperature for 0.5 h. The infiltrated preform, after being dried at room temperature for 24 h, was heated in an electric furnace at 1400°C for 10 h (to allow CA~6~ platelets to grow) and further fired at 1600°C for 4 h before furnace-cooling to room temperature. Open porosity of preform and bulk density of the resultant sample were determined based on the Archimedes\' principle, and its Vickers hardness measured under a load of 98 N for 10 s. The half-diagonal lengths and the radial surface crack lengths were measured using a micrometer attached to the sample stage, and their averages were taken for the hardness and fracture toughness calculations.

Phases in the fired samples were identified by an X-ray diffractometer (XRD; XD--3, Purkinje General Instrument Co., Ltd) using Cu Kα~1~ radiation (λ = 1.5406 Å) with a scanning rate of 8° min^−1^, and their microstructures observed by a scanning electron microscope (SEM; JEM--6460 LV microscope, Japan), and a transmission electron microscope (TEM, FEI-Tecnai-G2-F20, Philips, Netherlands) equipment with an energy dispersive spectroscope (EDS, INCA, Oxford Instrument, UK) and selected area electron diffraction (SAED). Thin slices of samples for TEM observations were cut from the fired sample with a diamond wire, mechanically pre-thinned, and ion-milled.
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![A schematic diagram illustrating the typical infiltration process used in this work.](srep04333-f1){#f1}

![SEM images of preform after pre-sintered.\
(a) low magnification, and (b) high magnification.](srep04333-f2){#f2}

![XRD patterns of different sections (S1--S4) in the fired graded composite of CA~6~/(MA-A).](srep04333-f3){#f3}

![EDS linear scan across the fired graded composite of CA~6~/(MA-A).](srep04333-f4){#f4}

![Morphologies of different sections in the fired graded composite of CA~6~/(MA-A).\
(a) S1, (b) S2, (c) S3, and (d) S4.](srep04333-f5){#f5}

![TEM micrograph and EDS pattern of the fired composite.\
(a) A TEM micrograph showing typical morphologies of A, MA, and CA~6~ in the fired composite. EDS patterns (b) A, (c) MA, and (d) CA~6~.](srep04333-f6){#f6}

![HRTEM images and SAED patterns of the fired composite.\
(a) alumina, (b) spinel, and (c) calcium hexaluminate in the fired composite.](srep04333-f7){#f7}

![The physical and mechanical properties of the fired composite.\
(a) Bulk density corresponding to different sections in the fired CA~6~/(MA-A) composite. (b) Vickers hardness and fracture toughness of the fired sample as a function of the distance from its infiltration end. The load used was 98 N.](srep04333-f8){#f8}

![SEM images of a typical crack arising from the indentation on the fired composite.\
(a) low magnification, and (b) high magnification, showing crack bridging (labeled as '1'), crack deflection (labeled as '2') and crack cutting through a CA~6~ grain (labeled as '3').](srep04333-f9){#f9}

![A TEM image showing crack propagation in the fired composite.](srep04333-f10){#f10}
